Phylogenetic relationship and the rates of evolution of mammalian alcohol dehydrogenases (ADHs) have been studied by using the amino acid sequences from the human (ADH a, ADH p, and ADH y), rat, mouse, and horse (ADH E and ADH S). With the maize ADH 1 and ADH2 used as references, the patterns of the amino acid replacements in the P-sheets, a-helices, and random coils in each of the catalytic and coenzyme-binding domains were analyzed separately. The phylogenetic trees based on the different sets of amino acid substitutions consistently showed that (1) multiple ADHs in human and horse have arisen after mammalian radiation, (2) the common ancestor of human ADHs a and p diverged from the ancestor of ADHy first and the former two ADHs diverged from each other more recently, and (3) the human ADHs are more closely related to the rodent ADHs than to the horse ADHs. Furthermore, the estimated branch lengths showed that the rodent ADHs are evolving faster than the other ADHs. This difference in evolutionary rate between the two groups of organisms is explainable either in terms of the difference in the number of cell generations per year or in terms of reduction of functional constraints.
Introduction
In the presence of NAD, alcohol dehydrogenases (ADHs) oxidize a variety of primary, secondary, and tertiary aliphatic alcohols and a limited number of cyclic alcohols to generate the corresponding aldehydes (for a review, see Smith 1986) . It has been suggested that ADHs are divided into two evolutionary branches, one containing short (-250 residues) protein chains without zinc and one containing long (-350 residues) protein chains with zinc (Jornvall et al. 198 1, 1984) . The former branch is represented by Drosophila ADH, whereas ADHs from such diverse organisms as mammals, maize, and yeasts represent the latter branch (Jornvall 1985) .
Analyses of peptide profiles of purified human ADH isozymes revealed three different classes of ADHs, which are referred to as classes I, II, and III (Strydom and Vallee 1982 ; see also Bosron et al. 1979; Li and Magnes 1975) . These three classes differ substantially in kinetic properties (Bosron et al. 1983; Wagner et al. 1983 ). Human class I ADH consists of the subunits a, p, and y, which are encoded by three separate loci (Smith et al. 197 1, 1972 (Smith et al. 197 1, , 1973a (Smith et al. 197 1, , 1973b . However, two loci in horse (Jornvall 1970a (Jornvall , 1970b and one locus each in rat (Eklund et al. 1976a ) and mouse (Edenberg et al. 1985) code for ADHs that are homologous to the human class I ADH. ADH Classes II and III are known to exist in both man and mouse (see, e.g., Edenberg
Evolution of Mammalian Alcohol Dehydrogenases 505 et al. 1985) , suggesting that many other mammalian species may also have the three classes of ADHs. However, the existence of classes II and III has not been reported in other species.
There is great amino acid sequence similarity among the class I ADHs from diverse organisms. For example, maize and mammalian ADHs show a sequence similarity of -50% although they apparently diverged -1,000 Myr before the present (Mybp). When a mammalian ADH and two budding yeast ADHs are compared, they still retain -20% similarity (Eklund et al. 1976a ). This high similarity and different numbers of ADH loci of the class I ADHs provide an excellent model system for studying not only evolutionary rates of amino acid replacements but also the process of gene duplication.
For mammalian species, complete amino acid sequences of the class I ADHs from human, horse, and mouse and a partial sequence of the rat ADH have been obtained. So far, no one has conducted rigorous analyses of the evolution of these ADHs. In the present paper we will construct a phylogenetic tree of the mammalian class I ADHs and then estimate the branch lengths by considering the characteristics of their three-dimensional structures (see, e.g., Eklund et al. 1976a ), using maize ADHs as references.
Amino Acid Sequence Data
The amino acid sequences used in the present study were horse ADH E (HOE) and ADH S (HoS) (Jornvall 1970a (Jornvall , 1970b ; human ADH a (Hua) (Ikuta et al. 1986 ), ADH pi (HuP) Ikuta et al. 1986; Yokoyama et al., submitted) , and ADH y (Huy) Ikuta et al. 1986 ); rat ADH (Ra) (Eklund et al. 1976a) ; mouse ADH (MO) (Edenberg et al. 1985) ; and maize ADHl (Mzl) (Dennis et al. 1984 ) and ADH2 (Mz2) (Dennis et al. 1985) . Among these, Hua and MO are deduced from their respective complementary DNA sequences. Mzl and Mz2 are included because they are necessary for the estimation of the branch lengths of a phylogenetic tree. HOE and HoS denote "ethanol-active" and "steroid-active" ADH, respectively (Jomvall 1970a (Jomvall , 1970b ). This nomenclature is based on a difference in substrate specificity. All of the mammalian ADHs consist of 374 residues, whereas both of the Mz 1 and Mz2 consist of 377 residues. Ra has 13 undetermined residues. The three-dimensional structure of HoE and HoS has been proposed on the basis of X-ray crystallographic analysis, and the catalytic (residues 1 -175 and 3 19-374) and coenzyme-binding domains (residues 176-3 18) are defined (Eklund et al. 19763) . The catalytic domain consists of three types of structures-pleated sheets, helices, and random coils. There are three P-pleated sheet structures: PI (residues 4 l-45, 68-7 1, 88-92, 156-160, 347-351, and 369-374) , [72] [73] [74] [75] [76] [77] [78] [86] [87] [148] [149] [150] [151] [152] [22] [23] [24] [25] [26] [27] [28] [29] [62] [63] [64] [65] [129] [130] [131] [132] [135] [136] [137] [138] [145] [146] . There are four a-helices: al (residues 46-53), a2 (residues 168-175), a3 (residues 323-338), and a4 (residues 355-365). The coenzyme-binding domain also consists of regions of pleated sheets (PA, ; PB, residues 2 18-224; PC, residues 238-243; PD, residues 263-269; PE, residues 287-293; PF, residues 3 12-3 18), helices (aA, residues 180-188; aB, residues 20 l-2 15; aC, residues 229-236; ccCD, residues 250-258; aE, residues 27 l-282; and 3 'OS, residues 305-3 1 l), and random coils.
The alignment of the amino acid sequences can be easily done visually (see also Eklund et al. 1976a ; Dennis et al. 1984 Dennis et al. , 1985 . With HOE taken as a reference, the amino acid sequences of horse, human, mouse, rat, and maize are as shown in figure  1 , where the pleated sheets and helices of the catalytic and coenzyme-binding domains are also indicated. Three residues-46 (Cys), 67 (His), and 174 (Cys)-provide ligands to one catalytic zinc atom; and four residues-97 (Cys), 100 (Cys), 103 (Cys), and 111 (Cys)-provide ligands to another catalytic zinc atom (Eklund et al. 19763 ). All of these amino acids are conserved among the nine ADHs.
Proportions of different amino acids between two sequences for the pleated sheets (denoted as I), helices (denoted as 2), and random coils (denoted as 3) of the catalytic and coenzyme-binding domains, respectively, are shown above and below the diagonal in table 1. In table 1, the proportions between the P-sheets and the random coils and between the a-helices and the random coils were compared separately. In the catalytic domain, the proportions of different amino acids in the P-sheets and a-helices are smaller than those in the random coils. A heterogeneity test did not detect any significant difference in the three regions of the coenzyme-binding domain of the mammalian ADHs. These observations suggest that, in the catalytic domain, the P-sheets and a-helices are functionally more constrained than the random coils. 
A Phylogenetic Tree of Mammalian ADHs
In constructing the phylogenetic tree for the mammalian ADHs, the number of amino acid replacements (d) per site is computed from d = -ln( 1 -p -$/5) (Kimura 1983) . The unweighted pair-group method with arithmetic mean (UPGMA) was applied to the transformed-distance matrix (see Nei 1987, pp. 302-305 , for the detail of the procedure). When evolutionary rates vary from one lineage to another, the transformed-distance method gives an improved topology (Far-r-is 1977; Klotz et al. 1979; Klotz and Blanken 198 1; Li 198 1; Nei 1987) . To obtain the rooted tree, the average value of Mzl and Mz2 is taken as the outgroup.
Tree topology for the mammalian ADHs has been determined by considering three sets of data in table 2: (1) all amino acid replacements,
replacements in the catalytic domain, and (3) replacements in the coenzyme-binding domain. The catalytic domain consists of 23 1 residues, whereas the coenzyme-binding domain consists of 143 residues; when Ra domains are compared, the respective numbers are 224 and 137.
An evolutionary tree constructed using all amino acid replacements is shown in figure 2 . Three characteristics are worth mentioning. First, the multiple ADHs in human and in horse diverged after the mammalian radiation, some 75 Mybp. Second, the common ancestor of Hua and Ht.@ diverged from the ancestor of Huy first and then diverged from each other. Third, the common ancestor of the human and rodent ADHs diverged from that of the horse ADHs first and then diverged from each other. These phylogenetic relationships of the mammalian ADHs are generally supported by the tree topologies constructed by using the p values in the coenzyme-binding domain. For the same data set, Hua and Huy are more closely related rather than in each of the two domains, these regional differences may be considered to be minor. The branching order among the human, rodent, and horse ADHs in figure 2 also agrees with that given for different vertebrate species by the geological and morphological evidence (see McLaughlin and Dayhoff 1972) .
The p values for the entire polypeptide between Hucr and HuP, that between Hua and Huy, and that between Hub and Huy are 0.064,0.070, and 0.05 1, respectively (see table 2). Thus, if the evolutionary rates of the three ADHs were equal, then HuP and Huy would be the most closely related and would have diverged most recently. In fact, Ikuta et al. (1986) recently proposed such an evolutionary relationship among Hua, Ht.@, and Huy. However, this is not supported by the present analysis, which is based on the differential evolutionary rates. 
Branch Lengths for the Evolutionary Tree of Mammalian ADHs
To estimate the actual branch lengths without making the assumption of rate homogeneity, we used the method of Fitch and Margoliash ( 1967) . In the computations, the averages of the two d values for Mzl and Mz2 vis-kvis each mammalian ADH are also included, so that all branch lengths in figure 2-particularly those between A and B and between A and F-can be determined. The branch lengths are estimated by using five different sets of data: (1) all amino acid replacements, (2) replacements in the catalytic domain, (3) replacements in the coenzyme-binding domain, (4) replacements in the P-sheets and a-helices, and (5) replacements in the random coils. When all amino acid replacements (data set 1) are considered, the total lengths from branch point A to Hua, HuP, Huy, Ra, MO, HOE, and HoS are 0.088, 0.079, 0.065, 0.158, 0.135, 0.052, and 0.057, respectively (fig. 2 ). The rodent ADHs have a longer branch length than the human and horse ADHs. Although there are some differences in detail, the faster rate of the rodent ADH evolution is supported when four other data sets are used. However, when the coenzyme-binding domain (data set 3) is considered, the evolutionary rates become more uniform. For this data set, the total lengths from branch point A to Hua, HuP, Huy, Ra, MO, HOE, and HoS are 0.086, 0.100, 0.09 1, 0.132, 0.100, 0.049, and 0.049, respectively. Among the three human ADHs, when all amino acid replacements are considered, the branch C-Huy (0.022) has the shortest branch length, followed by C-H@ (0.036) and C-Hua (0.045) in that order (see fig. 2 ).
Discussion
Once we obtain the branch lengths, it is of interest to evaluate the rates of evolutionary amino acid substitution per site per year for all branches. It is unfortunate, however, that most of the chronological time spans for the different branches in figure 2 are not known. As already noted, however, the time of mammalian radiation is considered to be -75 Mybp. When the branch lengths in figure 2 are used, where all amino acid replacements are considered and 75 Mybp is taken to be the time of mammalian radiation, the evolutionary rates of amino acid replacements per site per year (X 10e9) from branch point A to Hua, HuP, Huy, Ra, MO, HOE, and HoS are 1.17, 1.05, 0.86, 2.11, 1.80, 0.69, and 0.76, respectively. These rates are similar to those of typical functional proteins, such as hemoglobin c1( 1.2 X 10w9) and myoglobin (0.89 X 10m9) (see table 4.1 in Kimura 1983 ).
Fossil records suggest that the divergence time between mouse and rat is lo-25 Mybp (Jacobs and Pilbeam 1983; Britten 1986 ); however, because such fossil records are scanty, the divergence time may be estimated as having occurred anywhere from 5 to 35 Mybp (Wilson et al. 1977 ). If we assume that the divergence of the rodent ADHs coincides with the divergence of the two species, the evolutionary rates of the two rodent ADHs after the species split become extremely high. If we take 12 Mybp as the divergence time of the two rodents (Jacobs and Pilbeam 1983) , the rate is 6.2 1 x 1 Oe9 for the rat ADH and 4.35 X 1 Oe9 for the mouse ADH, whereas it is 1.32 X 1 OV9 before the divergence of the two rodents. Thus, the estimate of the evolutionary rate after the divergence of the mouse and rat is approximately four times greater than that before the divergence.
There are two possible explanations for this difference. One is the possibility that the mutation rate is proportional to the number of cell generations and that this latter number has increased after the divergence of the mouse and rat. The other possibility is that the high evolutionary rates of the rodent ADHs are caused by the reduction of the functional constraint. This possibility is supported by the fact that the variable evolutionary rates are largely due to differential replacements in the random coils of the catalytic domain.
As already noted, an evolutionary tree based on p values in the catalytic domain shows that the human ADHs are more closely related to the horse ADHs than to the rodent ADHs. The effect of this different tree topology on the evolutionary rates may be of interest. This is because the rodent ADHs may have longer branch lengths simply because, among the rodent, human, and horse ADHs, they are most distantly related (for a similar argument, see Easteal 1985) . However, this different tree topology does not seem to change the conclusion much. For example, when all amino acid replacements are considered, the total lengths from branch point A to Hua, HuP, Huy, HOE, HoS, Ra, and MO are 0.0898, 0.0808, 0.0566, 0.0582, 0.0632, 0.1311, and 0.1087, respectively. Thus, the rodent ADHs are evolving at the fastest rates, followed by the human and horse ADHs in that order-with the exception of Huy, which is evolving at the slowest rate. Dividing these values by 75 Myr, the evolutionary rates per amino acid site per year (X 10Y9) for the corresponding values are 1.20, 1.08,0.75,0.78,0.84, 1.75, and 1.45, respectively. Wu and Li ( 1985) compared the coding regions of 11 genes from rodents (mouse and rat) and man. They have shown that synonymous nucleotide substitution is higher in the rodents than in man (see also Easteal 1987; Fitch 1987; Li and Wu 1987) . Recently, Britten (1986) has pointed out that sea urchins, rodents, and Drosophila show faster rates of change than do primates. Basically, these studies are detecting higher mutation rates in the rodents. The reason for the different mutation rates has yet to be clarified. As already noted, the higher rates of amino acid replacement in the rodent ADHs reflect higher replacement rates in the random coils rather than in the functionally more important P-sheets and a-helices. Thus, no special selective meaning need be attached to such data.
